Ex situ normothermic machine perfusion (NMP) might minimize ischemia/reperfusion injury (IRI) of liver grafts. In this study, 20 primary liver transplantation recipients of older grafts (≥70 years) were randomized 1:1 to NMP or cold storage (CS) groups. The primary study endpoint was to evaluate graft and patient survival at 6 months posttransplantation. The secondary endpoint was to evaluate liver and bile duct biopsies; IRI by means of peak transaminases within 7 days after surgery; and incidence of biliary complications at month 6. Liver and bile duct biopsies were collected at bench surgery, end of ex situ NMP, and end of transplant surgery. Interleukin (IL) 6, IL10, and tumor necrosis factor α (TNF-α) perfusate concentrations were tested during NMP. All grafts were successfully transplanted. Median (interquartile range) posttransplant aspartate aminotransferase peak was 709 (371-1575) IU/L for NMP and 574 (377-1162) IU/L for CS (P = 0.597). There was 1 hepatic artery thrombosis in the NMP group and 1 death in the CS group. In NMP, we observed high TNF-α perfusate levels, and these were inversely correlated with lactate (P < 0.001). Electron microscopy showed decreased mitochondrial volume density and steatosis and an increased volume density of autophagic vacuoles at the end of transplantation in NMP versus CS patients (P < 0.001). Use of NMP with older liver grafts is associated with histological evidence of reduced IRI, although the clinical benefit remains to be demonstrated.
The use of very old donors in liver transplantation (LT) is showing favorable results, (1) but this practice is not universally implemented (2) because of concerns about a higher risk for primary nonfunction (PNF), delayed graft function (DGF), (3) and worse longterm graft survival. (4) In our recent series of octogenarian donors, we reported favorable overall longterm results, and we found that hepatitis C virus (HCV) recurrence and ischemic-type biliary lesions (ITBLs) were 2 independent causes of graft loss in this population. (5) Although availability of direct antiviral agents is reducing the impact of donor age on HCV recurrence, (6) prevention of ischemia/reperfusion injury (IRI) is pivotal to the practice of elderly donor LT and for donation after circulatory death (DCD) donors. (7, 8) Even though the concept of the ideal donor is well defined, (4, 9) the definition of extended criteria donors remains controversial. Increased donor age contributes to a higher risk
Original article | 437 of medical and surgical complications and worse IRI after LT. (10, 11) Machine perfusion (MP) has been expanded in the last few years. The potential benefits of MP are to maintain the organ in a more physiological condition before implantation, to reduce damages caused by cold storage (CS), and to assess organ function prior to transplantation. MP yields an exciting perspective for organ repair and reconditioning prior to transplantation, which may expand the pool of donor organs beyond the currently accepted criteria. (12) Ex situ MP may also have the potential to limit IRI as well as the damage to cholangiocytes induced by preservation. (13) Herein, we report the results of a pilot study evaluating the safety and the efficacy of normothermic machine perfusion (NMP) for LT from older donors.
Patients and Methods

stUDY Design anD setting
This was a pilot, open, single-center, randomized, and prospective trial evaluating the safety and efficacy of NMP for organ preservation in whole-size, primary, adult LT from older (≥70 years) donation after brain death (DBD) donors (ClinicalTrials.gov identifier NCT02940600; trial name, CEFEMA). Informed consent was obtained from each patient before enrollment, and the study was carried out in compliance with the ethical guidelines of the Declaration of Helsinki. Approval from the local ethical committee was obtained before the start of the study (the study protocol is available from our local ethical committee, Comitato Etico di Area Vasta Nord-Ovest [CEAVNO], protocol #687). Because of the exploratory characteristics of the present study, no sample size calculation was performed. Ten recipients receiving grafts preserved with standard CS (4°C) were compared 1:1 with recipients receiving grafts preserved with ex situ NMP. The primary study endpoint was to evaluate graft and patient survival at month 6 after transplantation. The secondary endpoint was to evaluate IRI by means of peak transaminases within 7 days after surgery, incidence of biliary complications at month 6, and evaluation of liver and bile duct histology.
inclUsiOn criteria
Patients were evaluated as per Italian National Transplant Agency (CNT) guidelines. All potential recipients of a DBD, whole-size, primary, ABOcompatible LT, older than 18 years old were considered eligible for the study. Recipients were enrolled by transplant hepatologists during pretransplant evaluation, informed about the study, and asked to sign the consent form at the time of wait listing. Recipients with a Model for End-Stage Liver Disease (MELD) score ≥24 at transplantation were not considered for the study. Once selected for transplantation, patients were asked to confirm their consent to the study and eventually randomized to the CS or the NMP group. Block randomization was with sealed envelopes prepared by a third party and opened once the graft was deemed fit for transplantation. The flow of participants through each stage is shown in Supporting Fig. 1 .
DOnOr selectiOn
Deceased donor data were obtained from clinical charts. Eligibility to liver donation was evaluated as per our institutional policy and according to the CNT guidelines. (14) The included variables were as follows: age; sex; body weight; height; body mass index (BMI); cause of death; liver and renal function tests at procurement; history of comorbidities (diabetes mellitus, hypertension, cardiovascular disease, renal disease, hemodialysis, and dyslipidemia); use of inotropic agents; history of cardiac arrests or hemodynamic instability; intensive care unit (ICU) stay; location of procurement; serologic status with regard to hepatitis B virus (HBV) infection and HCV, and cultures when applicable. For the purpose of current analysis, donor hemodynamic instability was defined as any donor experiencing a clinically documented cardiac arrest or requiring noradrenaline or more than 1 vasopressor to maintain a mean arterial pressure (MAP) >60 mm Hg. Donors were classified as affected by diabetes mellitus, dyslipidemia, or hypertension if on medication and regardless of the onset date. The donor evaluation policy in use at our center has been published previously. (5) Once accepted for procurement, a liver graft biopsy was performed on demand depending on surgical evaluation at procurement. A graft was discarded in the presence of any of the following: macrovesicular steatosis >30%; necrosis >5%; fibrosis ≥2 as per Ishak's score (15) ; severe microangiopathy (as per arteriolar thickening >60%), and macroangiopathy with impossibility to perform arterial anastomosis. All grafts were considered transplantable before patient randomization.
recipients
All LT recipients were evaluated in the pretransplant setting and followed up after surgery according to our institutional policies. Data included in the current analysis were as follows: demographics (age, sex, body weight, height, and BMI); indication to LT; MELD score; donor age × Model for End-Stage Liver Disease (D-MELD) (16) ; posttransplant surgical complications (according to the modified Clavien-Dindo (17) classification system); and graft and patient survival. For the purpose of this study, patients were followed for 6 months after LT. A posttransplant biliary complication was any abnormality in the biliary tree associated with symptoms or signs and requiring an endoscopic or surgical procedure. ITBL was any donor biliary tract with nonanastomotic stenosis requiring an endoscopic or radiological procedure in the absence of vascular complications. Early allograft dysfunction (EAD) was defined by the presence of 1 or more of the following: total bilirubin ≥10 mg/dL or international normalized ratio ≥1.6 on day 7, and aspartate aminotransferase (AST) and alanine aminotransferase (ALT) >2000 IU/L within the first 7 days, whereas postreperfusion syndrome (PRS) was defined as a decrease in MAP >30% below the baseline value, lasting for at least 1 minute, and occurring during the first 5 minutes after reperfusion of the liver graft. Immunosuppression consisted of anti-CD25 induction, tacrolimus in association with antimetabolites (mycophenolic acid), and steroids for non-HCV-positive patients.
graft allOcatiOn pOlicY
Grafts were allocated based on the Italian score for organ allocation and have been previously described. (18) sUrgerY All donors were procured with aortic and portal flush with Celsior solution (Genzyme-Sanofi, Milan, Italy) and en bloc liver and pancreas procurement. Grafts were stored at 4°C and shipped to our institution for back-table preparation and then perfused on the machine or preserved at 4°C until reperfusion in the recipient based on randomization. All transplants were performed using the conventional technique with vena cava replacement and venovenous bypass. A T-tube was used for duct-to-duct biliary anastomosis. The tube was removed 3 months after transplantation after percutaneous cholangiography.
nOrMOtherMic Machine perfUsiOn
Once randomized in the NMP group, grafts were reperfused at 37°C using the LiverAssist device (OrganAssist, Groningen, the Netherlands). According to the article by Karangwa et al., (19) the procedure can be classified as post-CS NMP because the CS period was longer than 3 hours. The NMP procedure was performed in an operation room (OR) next to the transplant OR and under medical supervision. According to vessel size, a 10-or 12-Fr cannula was inserted at the origin of the celiac trunk, and the gastroduodenal, left gastric, and splenic arteries were tied. A blood-based perfusate (Supporting Table 1 ) was used. The initial perfusate temperature was set at 20°C and then raised by 1°C every 2 minutes until 37°C. Oxygenation was provided by an anesthesia ventilator and was initially set at 4 L/minute with 30% fraction of inspired oxygen. It was later adjusted based on perfusate pH, partial pressure of oxygen (PO 2 ), and partial pressure of carbon dioxide. A blood gas 
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analysis was performed every 20 minutes during the first hour and every 30 minutes thereafter. Our target was to maintain a physiological pH and ionogram, and a PO 2 between 200 and 250 mm Hg. Perfusate glucose, transaminases, lactate, interleukin (IL) 6, IL10, tumor necrosis factor α (TNF-α) concentration, and bile production were collected every hour. Cytokine concentrations were tested after the procedure by enzyme-linked immunosorbent assay sandwich assay and are reported as pg/mL (R&D Systems, Minneapolis, MN). Bile pH was measured using a GEM4000 analyzer (Instrumentation Laboratory, Bedford, MA). At the end of hepatectomy, grafts were flushed with cold Celsior solution both from the hepatic artery and the portal vein (2 L each; recooling time). The weight of the liver grafts was measured before and after NMP.
histOpathOlOgY
Liver biopsies were collected at the end of back-table surgery (time point [T]1); at the end of NMP (NMP group only; T2); and at the end of transplantation (T4). They were fixed and stained with hematoxylineosin for standard histopathological analysis and with periodic acid-Schiff to detect changes in glycogen cell content. For the sake of comparison, changes in glycogen content were also assessed biochemically on homogenates of liver. Glycogen was measured on liver homogenates obtained by mechanical disruption using the Dounce homogenizer and was then quantified using a couple-enzyme assay (glucose oxidase and horseradish peroxidase), which produces a colorimetric product detected at 570 nm (Glycogen assay kit MAK016, Sigma-Aldrich, St. Louis, MO). The background signal generated by glucose was evaluated for each sample. Data were expressed as µg of glycogen per mg of tissue.
Bile duct biopsies were obtained at the end of back table (BT; T1); end of NMP (NMP group only; T2), and before biliary anastomosis (T3). They were evaluated as per op den Dries et al. (20) electrOn MicrOscOpY
Liver biopsies for electron microscopy (EM) evaluation were obtained at the same time points (T1,2,4). Liver tissue samples were fixed with 2.5% (vol/vol) glutaraldehyde in 0.1 mmol/L cacodylate buffer (pH 7.4) for 1 hour at 4°C and then postfixed in 1% (vol/vol) cacodylate-buffered osmium tetroxide for 2 hours at room temperature. Samples were dehydrated in a graded series of ethanol, transferred to propylene oxide, and embedded in Epon-Araldite. The specimens acquired for EM were also used to obtain semithin (500-nm thick) sections for light microscopy analysis. Ultra-thin sections (60-to 80-nm thick) were cut with a diamond knife, placed on formvar/carbon-coated copper grids (200 mesh), and stained with uranyl acetate and lead citrate. Morphometric analyses were performed with stereologic techniques, (21) as previously described. (22) For the analysis of mitochondria, lipid droplets (LDs) and autophagic vacuoles micrographs were obtained at ×10,000 and analyzed by overlay with a grid (11 cm × 11 cm) composed of 169 or 121 points, respectively. The volume density of subcellular organelles was calculated according to the formula:
where Pi is the total number of points within the subcellular component and Pt is the total number of points and expressed as mL/100 mL tissue (mL%).
statistical analYsis
According to variables and their level of distribution, descriptive statistics are reported as medians (interquartile range [IQR] ) and frequencies, as appropriate. Normality of distribution of quantitative variables was tested according to Kolmogorov-Smirnov. The 2-tailed Student t test was used to compare continuous variables across independent samples and paired data. For categorical variables, we used a 2-proportion z test. To determine the correlation between lactate, glucose, AST, TNF-α, IL6, and IL10 perfusate levels and between AST perfusate peak levels and posttransplant AST levels on postoperative day (POD) 1, a parametric correlation analysis was used (Pearson) and the results are expressed with r coefficient and P value. A P value <0.05 was considered statistically significant. All descriptive and inferential analyses were performed with the SPSS software (IBM, Chicago, IL).
Results
There were 20 patients who were enrolled in the study, and 10 were randomized in each group. The algorithm of participants through each stage is described in Supporting Fig. 1 . Donor and recipient characteristics are summarized in Table 1 . There were no differences between the 2 groups. (Fig. 1A) , and it showed correlation with glucose concentration (Table 2) but not with postreperfusion AST levels on POD 1 (P = 0.092; r = 0.560). Terminal perfusate pH ranged from 7.19 to 7.44 ( Fig. 2A) . A rapid decrease in lactates (Fig.  2B ) was observed except in 1 patient with suboptimal portal perfusion at procurement. Three hours after the start of NMP, the perfusate lactate concentration started rising in all patients. The perfusate glucose concentration is shown in Fig. 2C . TNF-α levels are shown in Fig. 2D , whereas IL6 and IL10 are shown in Supporting Fig. 3 . Correlation was observed between TNF-α, IL6, IL10, and lactate (Table 2) , and results are reported in Table 2 . All grafts produced bile during NMP, ranging from 5 to 54 mL. The biochemical characteristics of bile at 2 hours (pH, glycemia, bicarbonate, and sodium level) are reported in Table 3 .
graft anD patient sUrvival
One case of graft loss was observed in the NMP group due to hepatic artery thrombosis (HAT) on POD 9. The patient was retransplanted on POD 10 and is alive at a follow-up of 1 year. One patient in the CS group died on POD 31 from septic shock after readmission for intestinal occlusion.
pOstOperative resUlts
The postoperative results are shown in Table 4 . No PNF was observed in either group. There were 2 cases of EAD in NMP and 1 in CS, respectively (Fig. 1C,D) . A total of 3 cases of PRS were observed in the NMP group versus 1 in the CS group. No differences were observed in terms of postoperative transaminases or bilirubin peak. No other vascular complication was observed. One patient was diagnosed with biliary casts 1 month after T-tube removal and was successfully treated with endoscopic retrograde cholangiopancreatography.
histOlOgY
Liver biopsies (necrosis, steatosis, and periodic acidSchiff-glycogen evaluation) and bile duct histology are reported in Table 5 . Intracellular glycogen increased after NMP, followed by substantial decrease at the end of surgery in both groups (Fig. 3) , and the mean difference between BT and surgery was comparable in the 2 groups (-1.08 ± 1.88 µg/mL for NMP versus -0.78 ± 0.91 µg/mL for CS; P = 0.708).
electrOn MicrOscOpY
EM evaluation of liver samples showed similar ultrastructural alterations at the end of BT in both groups: mitochondrial swelling ( Supporting Fig. 4) ; presence of several LDs in the cytoplasm of the hepatocytes (Supporting Fig. 5A,B) ; biliary poles (BPs) with the presence of dense bodies (Supporting Fig. 5C,D) ; small Disse spaces (Supporting Fig. 6A,B) ; and nonactivated Kupffer cells (Supporting Fig. 6C,D) . Liver samples obtained after NMP showed diffuse and massive activation of autophagy, as demonstrated by the presence Original article | 443 of several autophagic vacuoles in the hepatocytes (Fig.  4A-E) . Liver samples retrieved 2 hours after reperfusion showed significant differences between the 2 groups. In the CS group, progression of mitochondrial swelling (Supporting Fig. 7A,B) ; further LD accumulation (Supporting Fig. 7C,D) ; increase in dense bodies at the level of BPs ( Supporting Fig. 8A) ; damaged endothelial cells (Supporting Fig. 8B ), activated Kupffer cells (Supporting Fig. 8C ), and neutrophil infiltration (Supporting Fig. 8D ) were observed. On the other hand, 2 hours after implantation, hepatocytes of NMP livers showed normal-size mitochondria, a reduced number of LDs (Supporting Fig. 9A-C) , and only a few dense bodies in the BPs (Supporting Fig.  9D ), whereas no damaged vessel endothelium or neutrophil infiltration was found.
Mitochondrial volume density increased after transplantation in CS versus NMP patients (Fig. 5A) . At the end of NMP, a significant reduction of volume density of intracellular LDs (Fig. 5B ) was observed concurrent with an increase in volume density of autophagic vacuoles (Fig. 5C ).
Discussion
LT has gradually emerged as the treatment of choice in patients with end-stage liver disease, but the growing gap between organ supply and demand has prompted expansion of allograft selection criteria. (23) Older, steatotic, and suboptimal liver grafts show reduced tolerance to cold ischemia preservation (24) and increased vulnerability to IRI. (25) One of the most promising technical innovations in the field of organ preservation has been the introduction of MP for liver allografts. (26) By delivering oxygen and nutrients at physiological temperature, NMP maintains aerobic metabolism preventing mitochondrial damage caused by adenosine triphosphate depletion. (27, 28) The potential benefits of NMP are under investigation, and some clinical studies have already been published. (29, 30) However, most of these have used historical matched cohorts and lack statistical power to appraise efficacy of this new technology. In their randomized study comparing conventional CS to NMP, Nasralla et al. showed improved post-LT transaminases peak but similar graft and patient survival rates. (31) In the last few years, the progressive aging of donors has spurred development of extended criteria and identification of allocation strategies to optimize the outcome of LT from elderly donors, (5) due to a higher fig. 3 . Glycogen concentration measurement in the 2 groups at different time points. NOTE: Patient 6 had high perfusate peak AST and ALT levels (2195 and 958 IU/L, respectively) but had relatively low postoperative peak AST and ALT levels (695 and 313 IU/L, respectively). Original article | 445 incidence of DGF (7) and ITBL (10) when compared with younger ones. We designed the current pilot study in order to evaluate the potential of NMP in reducing the negative impact of IRI on older liver grafts, given their vulnerability to perfusion injuries. Even though in our series all liver grafts were accepted prior to use of MP, this experience shows that NMP is feasible. Given its limited sample size and the relatively low MELD score of enrolled patients, the study lacks the statistical power to detect any difference in patient and graft survival. No case of PNF was observed, and the incidence of EAD was comparable between the 2 groups, but NMP was not associated with any major advantage when compared with CS. The incidence of PRS, postoperative transaminases, major complications, and length of hospitalization were similar across groups. The risk of endothelial injury and vascular complications requires special consideration. Perfusion cannulas are to be inserted far away from the presumed anastomotic site-usually at the level of the donor celiac trunk-in order to minimize vessel injuries or dehydration. The dual thermic shock might promote damage to the liver endothelium and release of procoagulant factors such as factor VIII or von Willebrand factor. From a logistic point of view, NMP shows limited advantage. Even if successful cases of prolonged NMP have recently been reported, (32) in our experience progressive increase in lactates was observed approximately 3 hours after the start of perfusion. This increase might be indicative of suboptimal liver grafts (33) but could also be accounted for by progressive accumulation of toxic metabolites and proinflammatory mediators, with a negative impact on graft metabolism and reconditioning. The correlation between TNF-α and perfusate lactate is evidence that accumulation of proinflammatory and diabetogenic ILs are detrimental. Although intracellular glycogen concentrations improve after NMP, histologic samples collected at the end of surgery showed no advantage across groups. Future steps should aim at improving technologies in view of purifying the perfusate during NMP and avoiding the cold phase during graft procurement. (34) A current advantage of NMP is that it allows dynamic evaluation of liver grafts. Lactate clearance, bile production, and graft inspection during perfusion are all key elements in evaluating graft quality, whereas glycemia and transaminases levels can be considered an indirect measure of graft injury. Our experience shows that a low bile pH (<7.1) is associated with higher perfusate or postoperative AST and ALT levels, and it should be considered as a marker of severe IRI. Others (35) postulated that ischemic cholangiopathy (IC) might be predicted by a bile pH <7.4. In agreement with Watson et al., (35) we believe that bile production and pH is a complex process dependent on the integrity of many facets of liver function, but several other parameters may play a fundamental role in the development of IC such as the type of donor (DCD versus DBD), the warm ischemia time, or the procurement technique (single versus dual perfusion). (36) The mechanisms underlying the beneficial effects of NMP on transplanted livers have limitedly been investigated, and scanty information can be expected by limited series. Nevertheless, histological analyses did not show major benefit in the NMP group whose biopsies are comparable to the CS group, apart from injuries to periluminal biliary glands. NMP might have the potential to detect IRI-induced biliary injuries earlier than other clinical variables. The degree of steatosis seems comparable between the 2 groups, whereas glycogen concentration showed a greater decrease in the NMP group at the end of LT.
Restoration and maintenance of mitochondrial function is a key factor for prevention of the negative effects of CS preservation. (27) Our observation that NMP was associated with a significant decrease in mitochondrial swelling is in keeping with this consideration. It has been demonstrated previously that NMP can contribute to reduction of macrovesicular liver steatosis. (37) In agreement with this finding, we observed a significant reduction in the volume density of liver droplets in perfused hepatocytes. Ultrastructural modifications similar to those observed in the present study (ie, mitigation of deleterious alterations in sinusoidal microvasculature and hepatocellular mitochondria, both related to steatosis) were previously described in steatotic livers treated with subnormothermic MP. (38) Another relevant observation of our study was activation of autophagy in the liver. Autophagy is a physiologically preserved and tightly regulated process that involves the degradation of cellular components through the lysosomal machinery. (39) A major role of autophagy is to derive nutrients from endogenous sources for survival purposes and under conditions such as starvation or deprivation of growth factors. (40) Recently, the induction of autophagy has emerged as a new potential strategy to improve liver function after IRI. (41, 42) Overall, the experimental evidence reported so far suggests that activation of autophagy may improve IRI by providing cells with energy derived from lysosomal degradation of cellular components. (42) NMP could possibly activate cell repair programs through degradation of the organelles damaged during CS. Despite its limitations and the limited sample size, the present study shows that NMP with older liver grafts is associated with histological evidence of reduced IRI, although the clinical benefit remains to be demonstrated. Further studies are favored to better highlight the physiologic mechanisms activated by NMP and how to optimize the currently available technology. fig. 5 . Quantitative morphometric analysis of volume density of (A) mitochondria, (B) LDs, and (C) autophagic vacuoles in control and perfused livers at different time points: end of BT (CS1, NMP1), end of NMP (NMP2), and end of LT (CS3, NMP3). Data are expressed as mean ± standard error of the mean of n = 10 cases for each point. Statistical analysis (post hoc Student t test): §P < 0.01 versus CS1; *P < 0.01 versus NMP1; °P < 0.05 versus NMP1; $P < 0.01 versus NMP2.
